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SUMMARY 

An investigation was conducted t o  determine the over-all  stage and 
s t a t o r  blade-element  performance  of a transonic  axial-flow-compressor 
i n l e t   s t age .  A transonic inlet stage  with a hub-tip  radius  ratio  of 
0.35 was designed t o  produce 8 total -pressure  ra t io   of  1.49 with a t i p  
r e l a t i v e   i n l e t  Mach number of 1.27 and  an  equivalent  specific w e i g h t  
flow of 40 pounds per second per square  foot   of   f rontal  area. The s t a t o r  
blade-element  performance i s  presented  herein  for a blade row with a 
design  absolute   inlet  hub Mach number of 0.99. The rotor  design  and  over- 
all performance were reported  previously. 

A t  design  equivalent t i p  speed of no0 feet per second, t he  stage 
at ta ined an equivalent  weight  flow of 37.6 pounds per second per square 
foot  of f r o n t a l  area a t  a total -pressure  ra t io   of  1.42 and an  adiabatic 
eff ic iency of  0.84. Peak adiabat ic   s tage  eff ic iencies  of  0.93, 0.92, 
0.89, and  0.84 were obtained a t  60, 80, 90, and 100 percent  of design 
speed, respectively.  

The instal la t ion  of   s ta tor   blades  did  not   appreciably  detract  from 
the  f low  range  of  the  rotor  alone.  A s ign i f icant  decrease in   e f f i c i ency  
was noted as the  major performance  penalty  incurred by the addition  of 
s t a to r s .  The high total-pressure-loss  coefficient  experienced a t  the  
s t a t o r  hub section was a t t r i b u t e d   t o  the acceleration  of  the  high sub- 
sonic   re la t ive inlet  Mach number t o  a supersonic  value on t h e  highly 
cambered anterior  region  of the suction  surface. A strong shock system 
was produced that accounted f o r  the excessive losses .  

* T i t l e ,  Confidential. 
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INTRODUCTION I 

Turbojet  engines with high  ra t ios  of th rus t  t o  engine  weight a r e  
e s s e n t t a l   f o r  aircraft propulsion a t  high  f l ight  speeds.  One method of 
increasing  the  engine  thrust per unit  engine  weight i s  to   increase  the 
weight flow per   un i t   f ron ta l  area through  the  engine. This can be ac- 
complished  by using a transonic in le t  s t age   i n  a multistage  axial-flow 
compressor. Transonic axial-flow-compressor  stages are capable of pro- 
ducing  high  pressure  ratio and high WelgXtFflow per   un i t   f ron ta l  area a t  
r e l a t ive ly  high eff ic iencies  (refs. 1 and 2) .  The weight flow per  unit" 
f r o n t a l  area can be increased  over that of prevlous  transonic  stage de- 
signs by decreasing the hub-tip  diameter r a t i o  and  by increasing the 
i n l e t   a x i a l  Mach number. However, high-weight-flow  deeigna are often 
associated  with a stator  blade  design problem, i n  that f o r  a given stage 
work output the s t a to r  hub inlet Mach  number increases as the hub-tip 
diameter ratio ie decreased and the inlet-axial Mach  number i s  increased. 

The transonic  axial-flaw-compressor  1nlet"stage  used  in this inves- . 
t iga t ion   ( re f .  3) was designed t o  determine the f e a s i b i l f t y  of increasing 
the  weight  flow per uni t  frontal e e a  by reducing the hub-tip  diameter " I 

r a t i o   t o  0.35 and by  increasing the absolute  average inlet Mach n u d e r  
t o  0.76. The blade-element and over-aU performance-  of the rotor  alone 
i s  presented in reference 3. The blade-element  performance of the 
s t a to r s  and the over-all stage performance  based on detailed instrument 
surveys are presented  herein  for 60, 80, 90, and 100 percent of design 
corrected  rotor  t ip  speed. 
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compressor f ronta l   a rea ,   sq  f t  

blade chord, in .  

diffusion  .factor 

incidence  angle, angle between in le t -a i r   d i rec t ion  and tangent- t o  
blade mean cauiber l i n e  a t  leading edge, Ceg 

Mach number 

total.  pressure, lb/sq ft 

radius,   in.  

blade thickness,  in. 

blade  speed, ft/sec 

. .  
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velocity of air, ft/sec 

integrated  weight f l o w  at  rotor  inlet,  lb/sec 

air  angle,  angle,between  air  velocity  vector and axial  direction,  deg 

ratio of inlet  total  pressure  to NACA standard  sea-level  pressure 
of 2116.2 lb/sq f t  

deviation  angle,  angle  between  outlet-air Wection and tangent to 
blade  mean caniber line  at  trailing  edge,  deg 

adiabatic  efficiency 

ratio of inlet  total  temperature to NACA standard  sea-level  tempera- 
ture of 518.7' R 

solidity,  ratio of blade  chord  to  blade  spacing 

blade m e r  angle, difference  between  angles of tangents  to  mean 
camber  line at leading and trailing  edges, deg 

total-pressure-loss  coefficient 

Subscripts : 

min minimum loss  

R rotor 

S stator 

z axial  direction 

0 compressor  depression  tank 

1 rotor  inlet 

2 rotor  outlet  or  stator  inlet 

3 stator  outlet 

Superscript: 

1 relative 
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Rotor  Design 
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The rotor  design i s  presented  in  detail in   reference 3. The r o t o r  
employed double-circular-arc  blade  profile  sections and was designed f o r  
constant radial energy addition.  Radial-equilibrium  condltions  that 
neglect the entropy term in the equa-bions of motion were assumed f o r  
velocity-distribution  calculations.  The ro tor  was designed to produce a 
pressure   ra t io  of 1.51 a t  an equivalent weight flow of' 40 pounds per 9 
second per square  foot of f ron ta l  area and a t i g  speed  of ll00 feet  per 4 

CEI 
second a t  an  adiabatic  efficiency of 0.95. The i n l e t  dlameter of the 
rotor  was 14 inches, and the hub-tip  diameter  ratio was 0.35. The design 
i n l e t   r e l a t i v e  Mach  nuniber varied from 0.74 a t  the hub t o  1.27 at the 
t i p .  The rotor  blade  design  values and  .geometry are summarized i n  
table I. 

Stator  Design . 
The s t a to r s  were designed for   axial   d iecharge so that high  re la t ive 

i n l e t  Mach numbers could be obtained  for  succeeding stage designs. The 
desfgn  stator axial ve loc i ty   r a t io  was t o  have an  average  value  of  unity. 
The s t a to r s  were designed t o  produce a stage total-pressure  ratio  of 1.49 
a t  an equivalent  weight  flow of 40 pounds per second  per  square foot of 
f r o n t a l  area. The s t a t o r  design inlet conditions were the ro tor  design 
outlet   conditions.  The stator  design inlet-air angle (measured from the 
axial   direction)  varied from 23O at the t i p  t o  46.2O a t  the hub,.  The 
design  absolute inlet Mach nuniber varied from 0.87 a t  the t i p  t o  0.99 at- 
the  hub. 

d 

A double-circular-arc blade p ro f i l e  with a constant  chord of 2 
inches and a constant  thickness-to-chord  ratio of 0.06 wa8 designed. 
Because of an e r ror   in   fabr ica t ion ,  the actual  thickness-to-chord-ratio 
was 0.03. The stator  discharge area was increased  lpercent   over  the 
theoretical   discharge area to   a l low  fo r  the assumed growth of the w a l l  
boundary layer. A summary of the stator blade design  values and  geometry 
is given i n   t a b l e  11. 

Compressor Ins ta l la t ion  

The compressor i n s t a l l a t ion   ( f ig .  1) is  the  8- &a that described 
in   reference 3, except that s t a t o r  blades w e r e  added t o  obtain the s t a to r -  
blade-element  and over-all stage performance. In addition, the ro tor  
discharge  passage area, which was increased in reference 3 t o  prevent 
choking fo r  tests of the rotor  alone, was changed t o  the design  condition - 
of-cons tan t   t ip  diameter fo r . t he   ro to r - s t a to r  combination as shown i n  
f igure 1. 

U 
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Instrumentation 

The  axial  measuring  stations  used  to  observe  the  stage  performance 
conditions  are s h m  in  figure 1. Stations 1 ($ in.  upstream  of  the 
rotor  blade  hub leading edge)  and 2 (5 in.  downstream of the  rotor  blade 
hub  trailing  edge)  were used to  observe  the  rotor  inlet  and  outlet  con- 
ditions,  respectively.  These  stations  were  at  the  same axial locations 
as those  used  to  obtain  the  rotor  performance  in  reference 3. Station 3. 
(1 in.  downstream of the  stator  blade  hub  trailing eQe) was used to 
observe  the  stator  outlet  conditions. 

1 

At  the  rotor  inlet  (station l), total pressure  and  air  angle  were 
measured  at  all  radial  survey  stations: 3, 5, 7, 10, 30, 50, 70, 90, 93, 
95, and 97 percent of the  blade  passage  height  from  the  outer wall. The 
static  pressure was measured  at  the wal ls  and  at  the  five  major  radial 
stations (10, 30, 50, 70, and 90 percent of the  blade  passage  height  from 
the  outer wall). At  the  rotor  outlet  (station 2), total  temperature, 
total  pressure,  and air  angle  were  measured at all radial survey  stations. 
Static  pressure was measured  at  the  five  major-radial  stations  and  at 
the walls. 

Downstream of the  stators  (station 3), tot&  temgerature,  total  pres- 
sure,  and  air  angle  were  measured  and  recorded  continually  by  an  auto- 
matic  recorder  as  each  instrument was traversed  circumferentially  across 
one blade  passage.  Circumferential  surveys  were  made  at  the  five major 
radial  stations.  Static  pressure was constant  circumferentially  across 
the  stator  exit  passage  and was therefore  measured  along a midpassage 
radial  line  at  the  five  major  stations.  Static  pressure was also observed 
at  the walls. 

Procedure 

The  stator  blade-element  performance  and  the over-all  stage  perform- 
ance  were  obtained  in  this  phase of the investigation.  The  stator  and 
complete  stage  data  were  taken  with an inlet  pressure of 20 inches  of 
mercury  absolute  at 60, 80, 90, and 100 percent of rotor  design  speed. 
The  performance  data  were  obtained  from radial surveys  at a given  axial 
station. The stator  outlet  performance was obtained by averaging  the 
circumferential  survey  data. 

Colqputations 

The  computational  procedure was, in  general, similar to  that of 
reference 3. The  air  and  blade  angles  used  in  the  equations  are  illus- 
trated  in  figure 2. 
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The integrated weight flows measured a t  the three axial s ta t ions  

agreed  within 5 percent with the values measured by the th in -p la t e  
o r i f i ce ,  80 percent of these measurements being within 3 percent  0-he 
o r i f i c e  weight flow. The integrated mass-averaged adiabatic  efficiencies 
agreed.within  approximately 5 percent  with the integrated maes-averaged 
momentum eff ic iencies .  Over half the mass-averaged a a a b a t i c  and momen- 
tum eff ic ienc ies  agreed within 3 percent. 

a 

RESULTS AND DISCUSSION 

Over-All Performance 

ei 
4 w 

The mass-averaged over-all   stage performance is  presented  in figure 
3 as the to ta l -pressure   ra t io  and adiabat ic   eff ic iency  plot ted  sgainet  
equivalent  specific weight  flow based on weight-flow measurements at 
s t a t ion  1 f o r  equivalent   t ip  speeds of 60, 80, 90, and 100 percent of 
design. A t  design  speed  the maximum equivalent weight flow of 38.2 x 

pounds per  second per square  foot of f ron ta l  area was obtained. The 
maximum stage  total-pressure  ratio  obtained at design epeed was 1.44 at  
a weight f l o w  of 36.8 pounds per  second  per  square  foot of frontal area II 

a t  an adiabatic  efficiency of 0.82. Peak adiabatic stage efficiencies  of 
0.93,  0.92,  0.89, and 0.84 were obtained at 60, 80, 90, and 100 percent- 
of  design speed, respectively. A t  design  speed and maximum efficiency 
the s tage  a t ta ined an equ iva lenhe igh t   f l ow of 37.6 Rounds per  second 
per  square  foot of f r o n t a l  area a t  8 pressure   ra t io  of.1.42. 

The over-all  performance of the ro tor  with and  without- s ta tor   blades 
is  presented i n  f igure &.to illustrate the performance loss a t t r ibu ted  t o  
the  presence of s t a t o r  blades. The total-pressure  ra t io  and efficiency 
obtained at- s ta t ions  2 and 3 for   the   ro tor   a lone  and f o r  the stage, 
respectively, are presented as a function  of the equiva len t  weight flow. 
The maxlmum weight flow a t  design  speed for the  rotor  alone was 38.70 
pounds per second per  square  foot of f r o n t a l  area. At design  speed a 
maximum to ta l -pressure   ra t io  of 1.53 was obtained  for  the  rotor  alone at 
a weight flow of 36.70 pounds per second per square foot  o f  f ron ta l   a rea .  
The  maximum ro tor   e f f ic ienc ies  were 0.98, 0.96, 0.93,  and 0.89 a t  60, 80, 
90, and 100 percent-of  design speed, respectively. 

The in s t a l l a t ion  of stator  blades  did  not  appreciably  detract  from 
the flow range  of-.the  rotor  alone. A signif icant  decrease in efficiency 
was noted as the major  performance penalty  incurred  by  the  aadftion of 
s t a to r s .  

The ro tor  i n l e t  o r  stage in l e t cond i t ions  are presented  in  reference 
3 a s  radial variations of the r e l a t ive   i n l e t - a l r  angl+ r e l a t ive  i n l e t  
Mach nuniber, and a x i a l   i n l e t  Mach  number a t  60, 80, and 100 percent-of 
design  speed. The radial variations of the dee-nlet conditions are 

L 



. also  presented. The design inlet conditions w e r e  not  attained,  because 
the  design w e i g h t  flow was not   real ized.  The weight-flow  deficiency was 
due to -roper  choice of opt- rotor  incidence  angle  (ref.  3) . The 
predicted radial d is t r ibu t ion  was correct,  but  because of the weight-flow 
deficiency  the  desired magnitude  of t he  inlet conditions was not  achieved. 
The radial var ia t ions of t h e   r e l a t i v e  inlet-air angle, r e l a t i v e  inlet  
Mach nuIllber, and axial inlet Mach nuniber a t  80 and 60 percent of design 
speed ( r e f .  3) were similar t o   t hose  of the respective  parameters a* 

M design  speed. 

d The stage performance a t  80-percent  design  speed  appeared highly IC 
r- 

su i t ab le   fo r  a t ransonic   inlet   s tage on present  engines. A s tage   to ta l -  
p ressure   ra t io  of 1.28 at a weight flow of 34.6 pounds per  second per 
square  foot of f r o n t a l   a r e a  was a t ta ined  a t  an adiabatic eff ic iency of  
0.92. 

c Stator  Blade-Element  Performance 

- In order t o  gain better in s igh t   i n to  the in t e rna l  flow mechanisms 
and t o  fac i s ta te  the evaluation of t he   l o s ses   i n  the s ta tor   blades,  de- 
tailed blade-element data are presented. To further evaluate  the  losses,  
supplementary data i n  the form of s t a t o r  blade wake p ro f i l e s  and the 
var ia t ion of minimum-loss l e v e l  with s t a t o r  inlet Mach number are 
included. The s t a t o r  inlet and outlet   conditions are presented  for  com- 
parison with their respective design variat ion.  

Inlet   conditions.  - The r o t o r   o u t l e t   o r   s t a t o r   i n l e t  condit-ions f r o m  
reference 3 are presented   in   f igure  5. The rotor   absolute   out le t -a i r  
angle  and the ro tor   abso lu te   ou t le t  Mach nuniber correspond t o  the stator 
absolu te   in le t -a i r  angle and the s t a to r   abso lu t e   i n l e t  Mach nuniber, 
respectively.  The stator   absolute  inlet-air angle  and  absolute inlet Mach 
number are presented as functions of radius at  three weight-flow  points 
f o r  60, 80, and 100 percent of design  speed. 

The design  stator  absolute inlet-air angle (fig. 5(a)) was not at- 
tained a t  a l l  radial sections.  A t  the  peak-efficiency w e i g h t  flow, it 
was approximately 5O higher at  the   t i p   s ec t ion  and $.So lower a t  the hub 
section  than the design  values.  This  discrepancy w a ~  due t o  the f a c t  
that the   s t a to r  geometry was established  by  the  design  rotor  discharge 
conditions, which  were not  realized. The absolute stator inlet Mach 
nuniber ( f i g .   5 ( b ) )  at  maximum-efficiency w e i g h t  flow and design  speed 
w i e d  from  approximately 0.83 near the t i p  t o  0.93 a t  the hub section. 

- The absolu te   in le t -a i r  angle and Mach  nurtiber did not   correlate  w e l l  
with the design  values. The discrepancy can b e   a t t r i b u t e d   p r k a r i l y   t o  
delet ing the entropy term i n  the equation of motion used i n  the design 
calculations  and the f a i l u r e  t o  predict the opthum  rotor  incidence  angle. w 



8 NACA €04 E58DO4a 

The  absolute  inlet-air  angle and Mach nuniber at  other  speeds  and  weight 
flows  had similar radial  variation  for  their  respective  parameters. 

Blade-element  characteristics. - The  stator  blade-element  charac- 
teristics  are  presented i n  figure 6 at fourAip speeds  for  the  five 
major  radial  stations.  The  diffusion  factor, axial velocity  ratio,  abso- 
lute inlet  Mach  number,  deviation angle, and  total-pressure-lose  coeffi- 
cient  are  presented  as  functions of the  incidence  angle. 

At minhum-loss incidence  angle  the  stator  devfation  angles  at a l l  
sections  were  within 1.5O of  the  design  deviation  angles  given i n  table 
11. The minimum-loss deviation e a g l e s  were within 2O of Cater's  rule 
at d l  radial  positions. 

The  variation  of  total-pressure-loss  coefficient  shows a tendency 
for  the low-loss incidence-angle  range  to  decrease as the  inlet  Mach 
number  is  increased. 

The  radial  variation of stator  diffusion  factor  ie shown in figure 
7. The  diffusion  factor  at  maximum-efficiency  weight  flow  agrees  very 
well  with  the  design d u e s  except  at  the  hub,  where  the  decrease  in 
velocity  ratio  causes  the  diffusion  factor  to  increase  above  the  design 
value. . .  . -  

Evaluation of total-pressure loss. - The  variatiqn of minFmum stator 
total-pressure-loss  coefficient.with  stator  inlet  Mach  number is shown 
in  figure 8 for  three  raaial  positions. All radial  sections of the  stator 
blade  operated  at a fairly  constant  value  of minimum-loss coefficient  of 
approximately 0.035 for  inlet-  Mach  numbers  below 0.78'. 

The  magnitude of the minimum total-pressure-loss  coefficient at the 
stator  hub  increased sharply with  increased  inlet  Mach  number above 0.78. 
At  design  speed  the  minimum l o s s  at  the  hub  section  (radial  position E) 
was 0.159, which was approximately  three  times  the minkmm loss at  the 
other  sections. The increased loss at  the  stator  hub  section  can  be-ex- 
plained  by  the  supposition of the  following f low model. The megnitude of' 
the--stator  hub  inlet  Mach  number  measured  inch  upstream of tke  stator 
blade  hub  leading  edge was in the  high  subsonic  range  at design rotor  tip 
speed.  The  streamlines  at  the  stator  blade  leading  edge  converged  be- 
cause  of  the  presence of the  blade to produce an exterior  throat.  The 
slight  area  contraction  thus  produced  raised  the  high  subsonic  inlet 
velocity  to  free-stream  sonic velocity. The flow was further  accelerated 
over  the  highly  cambered  anterior  portion of the  suction  surfkce  by  means 
of supersonic  turning, and the  high  Mach  numbers  in  that  region  produced 
strong  shock-wave  systems  and  associated high losses. 

. 
- 
. ." 
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The  occurrence of supersonic  channel f l o w  in  blade  rows  with  sub- 
sonic  inlet  conditions  is  substantiated by the  cascade studies of refer- 
ences 4 and 5. The  supersonic  flow  is  sharply  decelerated  by  the  shock 
system,  and  the  suction-surface  boundary  layer i s  subject to a large 
static-pressure  rise.  The  peak  suction-surface  Mach  nunibers  computed  by 
the  Prandtl-Meyer  method  were 1.5 or  greater  at  the  hub  section,  and 
therefore  separation  of  the  boundary  layer  is  probable  (ref. 6). Figure 
9 shows  the  circumferential  variation of the  stator  outlet  total.  pressure 
at  three  radial  positions.  The  relatively  large  wake  pressure  defect  at 
the  hub  section  may  indicate  auction-surface  boundary-layer  separation  in 
addition  to  depicting  the  shock  losses. 

A combination of the high subsonic  inlet  hub Mach number  and  the 
stator  blade  geometry  produced  the  flow  conditions  required  to  use  the 
shock-loss  analysis of reference 7. The  loss  calculation of reference 7 
and  the  Prandtl-Meyer  method  both  require a sonic inlet  velocity. 
Because of the  high  subsonic  inlet  Mach  nuniber  and  the  exterior  throat 
at  the  hub  section,  it was theorized  that  sonic  inlet  conditions  did 
exist, so that  these  methods  could be used  to  analyze  the  stator  losses 
quantitatively. If the loss coefficient  attributed  to  the  passage  shock 
loss  as  computed by the  method  of  reference 7 is added  to  the  profile 
loss obtained  from  typical  cascade  and  stator data of reference 8, this 
predicted  total loss.co~.~~ares favorably  with  the  value  experimentally 
obtained.  From  these  computations,  it was observed  that  the  passage  shock 
loss  accounted  for  approxhately half the  total loss .  

This trend  in  stator  hub  total-pressure-loss  coefficient  with  abso- 
lute  inlet  Mach  number is similar to the l o s s  variation  observed  at  the 
tip  region of a nuniber  of  rotors  (ref. 8). The Wch nuniber at  which  the 
rotor  tip-section loss coefficients  increased  rapidly was above  that 
indicated  for  the  stator  hub  section,  because  the  cacniber  of  rotor  tip 
sections was usually lower than  that  of  stator  hub  sections. 

The minimum total-pressure-loss  coefficient  at  the  mean  radial  blade 
section  (fig. 8) did not increase  very  rapidly  with  inlet Mach nuniber 
because of the  lower  curvature  of  the  anterior  portion of the  suction 
surface. In aadition,  for a given  stator  inlet  Mach  number,  the  mean 
section  operated  at a lower  value of incidence  angle  than  the  hub  section. 
The  lower  curvature  and  incidence  angle  decreased  the  total  amount of 
supersonic  turning  and  therefore  limited  the  value of the  blade  surface 
Mach  number.  Therefore,  at a given  inlet  Mach  number,  the maximum blade 
surface  velocity  at  the  mean  section  was  lower  than  that  at  the  hub.  The 
passage  shock  at  the mean section  then  occurred  at a lower  Mach  nuniber, 
and  the  shock loss was decreased. In addition,  the l o w e r  surface  velocity 
reduce&  the  severity of the flow separation  and  thus  Azrther  reduced  the 
loss.  - 
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The  total-pressure-loss  coefficient  at  the tlp radial  blade  section 
appears  to  be  relatively  unaffected by inlet  Mach number variation  (fig. 
8). This  trend-ln loss coefficient  can  be  attributed to the lower can+- 
bered  section,  which  does  not  appreciably  accelerate  the  flow over the 
suction  surface. 

The  minimum-loss  incidence angle was higher  than  the  design  fnci- 
dence  angle  at  all  blade  sections  except  the  hub  (fig. 10) . 'The  design 
rule of reference 9 was obtained  from  rotor  blade-element  data. 3y use 
of the  blade-element  concept,  this  rule wae applied to the  stator  design. 
The  blade-element  concept  does  not  consider  three-dimensional  effects, 
which  possibly  are  different-for  rotating and stationary  blade rom. 
Therefore,  the  difference  between  the  experimental  and  desfgn  values  can 
be  attributed  to  three-dimenbional  effects. 

The  radial  variation of incidence  angle  at  maximum-efficiency  weight 
flow is also shown  in  figure 10. The  maximum-efficiency  incidence  angle 
was approximately 5' higher  at  the  tip  and 4.3O lower  at  the  hub  section 
than  the  respective  design  values. As stated  previously,  this off-design 
operation  resulted from using  the  design  distribution of rotor  outlet-air 
angle,  which was not  attained,  to  establish  the  stator  blade  geometry. 
At  peak-efficiency  weight  flow,  the  actual absolute inlet-air  angle was 
approximately 5' higher than the  design  value in the tip  region and 4.5' 
lower  than  design  inlet  angle  at  the  hub.  Since  the loss coefficient 
remained  relatively  conetant  over a large  range of incidence angles in 
the  stator  tip  region;  the  tip  blade  sections  still  operated at a low- 
loss value even  at  the  off-design  incidence  angles. 

It should  be  noted  that  the  comparison  made in figure 10 is  not a 
valid  test of the  design rule of reference 9 .  The  design  values of inlet 
absolute  Mach Illllliber and inlet  absolute  air  angle  were  used  to  compute  the 
design  incidence.angle. . In  this  investigation  the  design  values  of  inlet 
absolute  Mach  number end inlet  absolute air angle  were  not  experimentally 
attained;  therefore,  the  angle  discrepancy  cannot  be  attributed  to  design- 
rule inaccuracies alone. 

Outlet  conditions. - The  radial  variations of the  stator  absolute 
outlet Mach number,  absolute  outlet-air  angle, axial velocity  ratio,  and 
total-pressure-losa  coefficient  are  plotted  in  figure U. The  data are 
presented  for  three  equivalent  weight flowa at 60, 80, and 100 percent 
of design  tip  speed. . - 

The  absolute  outlet  Mach number did not  correlate  with the design 
radial  variation.  The sharp drop in outlet  Mach  number-in the hub  region 
at  design  speed can be  attributed to the high losses caused by the  shock 
system  in  that  portion of the  pass-age.  The  outlet Mach Ilumber  drop  in 
the  hub  region was progressively  less  pronounced as the  tip  speed 
decreased. 
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The  axial  velocity  ratio  at  maximum-efficiency  weight  flow  closely 
approximates  the  design  distribution  except  at  the  hub  section. In this 
region  the  high  losses  attributed to the  shock  system  sharply  decreased 
the  outlet  velocity. 

The  total-pressure-loss  coefficient  at  design  speed  increased 
sharply at  the  hub  section  because of the  previously  discussed  shock 
phenomenon.  The  rise  in loss coefficient  at  the  stator  tip  may  be  at- 
tributed  to  operation of the  blade  section  in a region of low-energy 
flow. At 80 percent of design  speed  and maximum efficiency,  the  mid- 
stream  section of the  stator  operated  at a very low loss level. 

The  stator  absolute  outlet-air angle-at design  speed  and maximum- 
efficiency  weight  flow was within  approximately 3O of the  design  axial 
discharge  angle. As the  speed  decreased,  the  stator  outlet-&  angle 
approached  the  desired  axial  dlrection.  At 80 percent of design  speed 
the discharge  angle  at maximum efficiency was within 1.5O of axial 
discharge. 

Summary  Remarks 

The  stage  performance  at  design  speed was penalized  by  the  relatively 
high  losses  encountered  in  the  stator,  especially  in  the  hub  region. By 
the  study of a f l o w  model, a quantitative loss analysis was conducted. 
The  source of the  stator  losses was the  supersonic  blade  surface  Mach 
nunibers,  which  produced  passage shock systems  and  flow  separation. A 
transonic  stage  design  incorporating  low  stator  inlet Mach numbers  and 
l o w  blade  camber  would  probably  reduce  the  losses  encountered. 

For a given  stage  weight  flow  and  work  input, lower stator  Mach 
nuuibers  can  be  obtained by increasing  the  rotor  tip  speed.  When  the  rotor 
tip  speed  increases,  for a given  work  input,  the  rotor  caniber and usually 
the  stator  camber  can  be  reduced.  The  rotor  tip  would normally be  operat- 
ing at a higher loss level because of the  increased  inlet  Mach  number, 
but  the  decreased  camber limits the  blade  surface  velocity  and  tends  to 
offset  the  effect of increased  inlet  velocity.  The  stator losses would 
be  reduced by the  decreased  inlet  Mach  number and the  lower  blade c&er. 
Therefore,  in  the f l o w  and  pressure-ratio  range  investigated,  transonic 
stages of high-tip-speed,  low-camber  design  would  be  preferred  if  effi- 
ciency  were of prFmary  importance. 
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Investigation of the  over-all amstator blade-element  performance 
of a 0.35 hub-tip  radius  ratio  transonic  axial-flm-compressor inlet stage 
yielded  .the  following  results : 

1. At  rotor  design  tip  speed of 1100 feet per second a maximum stag+ 
total-pressure  ratio  of 1.44 was obtained  at a weight  flow of 36.8 pounds 
per  second  per  square f o o t  of  frontal  area  at an adiabatic  efficiency  of 
0.82. Peak  adiabatic  stage  efficieaciea K 0 . 9 3 ,  0.92, 0.89, and 0.84 
were  obtained  at 60, 80, 90, and 100 percent of design  speed,  respectively. 

2. The  stage  performance  at  80-percent  design  speed  appeared  highly 
suitable  for a transonic  inlet  stage  on  present  engines. A stage total- 
pressure  ratio of -1.28 at a weight  flow  of_.3&,6-.pounds  per  second  per 
square  foot of f r o n t a l  area was attained  at .andiabatic efficiency of 
0.92. ................. - . . .  " ... - . . .  . -  . - ." " 

3. The  installation  of  stator  blades  did  not  appreciably  detract 
from  the  flow  rabge  of  the  rotar  alone.  A.significant  decrease in effi- 
ciency was noted  as  the major performance  penalty  incurred by the  addition 
of stators. . . . . . . .  . . . .  

.r 

4. Design  procedures  that  neglecLthe  entropy  term  in  the  equations 
ofmotion are  not  sufficiently  accurate for the  determination  of  velocity 
distributions  and  flow  angles  in  the  design of transonic  axial-flow- 
compressor  stages  with low hub-tip  diameter  ratios  and  high  pressure 
ratios. 

... 

5. The  high  total-pressure-loss  coefficient  encountered atthe 
stator  hub  section  was  attributed-to the acceleration of the f l o w  over 
the  highly  cambered  anterior  portion of .the suction  surface  to a super- 
sonic  Mach  number  of  such  magnitude  as  to  produce a strong shodk-wave. 
The  lose  coefficient  attributed to the  shock  system  accounted  for approxi- 
mately halfthe total loss. The  passage  shock  should  therefore  be of 
prime  concern  in  designing  .transonic  stators. . . . .  . . .  . . .  . . . .  

. .  

6. The  stator  blade-element  deviation  angles  near  minimum-loss  inci- 
dence  angle  were  within 2' of  the  values  predicted by Carter's  rule at 
all  radial  positioq-. . .  . . .  - . . . . . . .  . . .  - . - 

Levis Flight  Propulsion  Laboratory 
National  Advisory  Colmnittee for Aeronautics 

Cleveland,  Ohio,  April 10, 1958 
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Figure 1. - Bchematic diagram 
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Figure 2. - Air and blade m e 8  for a blade element. - 
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Figure 8. - Variation of stator m i n i m u m  total-pressure- 
loss coeff ic ient  with absolute  inlet Mach number. 
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(c)  Radial gosition E: 5.- 4.03 inches. 

Figure 9. - Circumferential wristion of total pres- 

flou, 37.92 pouade ~&.secofld per squnre iooirdf 
sura at stator outlet. Oorrected epec l f ic  w e l e t  

frontal area at mtar deslgn meed of 1loo feet 
per eeccnd. 
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Figure 10. - Incidence-angle  variation at design  speed. 
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RadFue, r3, i n .  

(e) Rotor speed, 10Q-peroent design. 

Figure 11. - Radial variation of stator outlet  flow paremetere. 
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